The genus Flavivirus consists of 70 serologically crossreactive viruses, several of which cause human illnesses, the most important being yellow fever (YF), Japanese encephalitis (JE), and dengue (DENV) with its four serotypes. DEN viruses have spread throughout the tropics and an increasing frequency of the more severe forms of dengue fever (DF): dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS) is being observed (Gubler 2004) . Approved vaccines are available only for YF virus, the attenuated live 17D virus (Monath 2003) and for tick-borne encephalitis (TBE) virus and JE virus, both as inactivated viruses (Monath & Heinz 1996) . For DENV, live attenuated candidate vaccines have been developed using serial passages in cultured vertebrate cells and tested in humans (Bhamarapravatai & Yoksan 2000 , Sabchareon et al. 2002 , 2004 but so far none has been licensed.
Preclinical testing of dengue vaccine candidates has been usually carried out initially in a mouse model (Bente & Rico-Hesse 2006) in which protection against challenge with a mouse-adapted neurovirulent virus is the main criteria for efficacy. The next step for testing a candidate vaccine is the study of its immunogenicity in a nonhuman primate model. Although some hallmarks of dengue severe syndromes have been described (Halstead et al. 1973a,b) , it is widely accepted that the main parameters to be considered are neutralizing antibodies induced by the vaccine candidate and the magnitude and duration of peripheral viremia upon challenge of previously immunized animals (Halstead & Marchette 2003 , Raviprakash et al. 2003 , Hanley et al. 2004 , Guirakhoo et al. 2004 , Blaney et al. 2005 , Sun et al. 2006 ). In our efforts to develop a live attenuated dengue vaccine based on chimeric VF 17D viruses (Caufour et al. 2001 , Mateu et al. 2007 we needed to establish a nonhuman primate model to test the protective capability of the recombinant viruses. Here, we describe the infectivity of wild-type dengue types 1, 2, and 3 viruses to rhesus monkeys and discuss their use in testing the efficacy of dengue vaccines in general.
MATERIALS AND METHODS
Cells -Vero cells (ATCC, CCL 81) were maintained in Medium 199 with Earle's salts (E199), buffered with sodium bicarbonate and supplemented with 5% fetal bovine serum (FBS) and antibiotics. C6/36 cells were grown in Leibovitz's L-15 medium (Gibco) supplemented with 5% FBS and antibiotics.
Viruses
DENV-1 60305 -It was isolated during an epidemic on 1998 in Pinheiral (state of Rio de Janeiro) from a human case of DF by passaging thrice in C6/36 cells and belongs to genotype I or the Americas/Africa genogroup (Rico-Hesse 2003) . Four blind passages were carried out in Vero cells until cytopathic effect (CPE) and its ability to plaque was well established. The working seed stock was prepared-in Vero cells with a titer of 7.1 log 10 PFU/ml.
DENV-1 16007/V and 16007/C -The 16007 virus belongs to genotype II (Gonçalvez et al. 2002) or the Thailand genogroup and was isolated from serum of a DHF case in the Thailand by passaging 3 times in BSC-1 cells, 7 times in LLC-MK 2 and two more in Toxorynchites amboinensis mosquitoes (Halstead & Marchette 2003) . In Bio-Manguinhos it was passaged 3 times in C6/36, one in Vero cells for the preparation of the working seed (16007/V; 6.9 log 10 PFU/ml) and an additional passage in C6/36 for preparation of the 16007/C stock (5.8 log 10 PFU/ml). Both stocks contained viruses capable of plaquing on Vero cells.
DENV-2 40247 -Originated from a human case of DHF in Niterói, state of Rio de Janeiro (Nogueira et al. 1991) . This virus belongs to the group of DENV-2 Southeast Asian genotype viruses more recently introduced in the Americas (Rico-Hesse et al. 1997) . It was isolated in C6/36 cells and used as the fourth passage in this cell type. The dose was calculated after serial dilution and plaquing on Vero cells (6.2 log 10 PFU/ml). Miagostovich et al. 2003) . It was isolated in C6/36 cells and at its third passage it was plaque purified in Vero cells. Three plaque purifications were carried out. The selected 44/2 clone virus produces uniformly sized plaques. A working seed was prepared with a titer of 7.5 log 10 PFU/ml.
DENV

DENV-3 H87
-It is the prototype DENV-3 isolated in 1956 from a human case of DHF in the Phillipines (Hammon et al. 1960 ) and belongs to Southeast Asia/ South Pacific genotype. The exact passage number is unknown. At Fiocruz it was propagated by 3 serial passages in suckling mouse brain and 10 serial passages in Vero cells. The working seed lot virus was prepared and titrated in Vero cells (7.1 log 10 PFU/ml).
DENV-3 16562 -It was isolated from sera of a DHF case in Phillipines. It belongs to genotype II (Southeast Asia/South Pacific; Rico-Hesse 2003). The virus was propagated by serial passages in BSC-1 (3 times) cells, in LLC-MK 2 (4 times) and two more in T. amboinensis mosquitoes (Halstead & Marchette 2003) . It was further passaged in C6/36 cells another 5 times. In BioManguinhos it was passaged twice in Vero cells for the preparation of the working seed (7.3 log 10 PFU/ml).
DENV-3 74886 -It was isolated in 2002 from the liver of a fatal human case of DSS in Nova Iguaçú, state of Rio de Janeiro, through C6/36 cell passages. It belongs to subtype III (Sri Lanka/India), which is the genogroup circulating in the American Continent (RicoHesse 2003 , De Simone et al. 2004 . A total of 8 passages in C6/36 cells were carried out from the serum until the preparation of the working seed. The virus does not plaque in Vero cells although culture supernatant and monolayer were positive in RT-PCR assays. It was titered in C6/36 cells (7.8 log 10 TCID 50 ).
Virus titration -All virus stocks (except for DENV-3 74886) were titered by plaque formation on Vero cell monolayers (60,000 cells/cm 2 ) using 6-well plates and carboxymethyl-cellulose as overlay. After 7-10 days incubation at 37°C, 5% CO 2 and 100% relative humidity, the cell cultures were fixed with formalin and stained with crystal violet.
Infection of rhesus monkeys with wild type DV -
Studies were carried out using a protocol revised and approved by the Institutional Animal Care and Use Committee (CEUA/Fiocruz PO112/02). All rhesus monkeys (Macaca mulatta) came from the colony maintained by the Primatology Department (Cecal/Fiocruz), Rio de Janeiro, Brazil and were housed in individual stainlesssteel cages, in climate-controlled room (21 ± 1ºC and 55 ± 5% relative humidity). They were fed with commercial monkey chow, supplemented with fruits and vegetables. Water was available ad libitum. All monkeys were shown to be negative for DENV-1, -2, and -3 types and YF by plaque reduction neutralization tests (PRNT).
The monkeys were inoculated subcutaneously on the anterior surface of the left forearm with 0.5 ml of viral suspension containing 10 5 TCID 50 (DENV-3 74886) or 10 5 PFU (all other viruses).
Dengue type 1 -A total of 11 monkeys, 5 males and 6 females, weighing from 3300 g to 14,220 g were inoculated with wild type DENV-1 viruses, 5 with strain 60305 (H17, I8, P4, Q62, U73), and 3 with 16007/V (V stands for Vero cell-passaged virus; E10, O32, V23). Another 3 (M12, R51, V21) animals were inoculated with DENV-1 16007/C (C means C6/36-passaged virus).
Dengue type 2 -A total of 10 monkeys, all males, weighing from 5340 g to 7280 g were inoculated with wild type DENV-2 viruses, 5 with strain 44/2 (P11, P21, P25, P33, O65) and 5 with strain 40247 (O49, P17, P37, P47, P57).
Dengue type 3 -Eleven monkeys, 2 males and 9 females, weighing from 5400 g to 10,700 g were inoculated with wild type DENV-3 viruses, 5 with H87 virus (E19, N20, P24, P44, 123), and 3 with 16562/V (V stands for Vero cell-passaged virus; F2, M6, S34) and 3 with 74886/C (for C6/36-passaged virus; M50, N44, O48).
Viremia -Monkey serum samples (day 1-13 postinoculation) were titrated on monolayers of Vero cells (10 5 cells/cm 2 ). One hundred microliters of serum, undiluted or diluted 1/3 and 1/30 were inoculated in each well of a 6-well plates, with 4 wells per dilution. Vero cell monolayers were overlaid with 3.5% carboxymethylcellulose. After incubation at 37ºC in 5% CO 2 atmosphere for 7-10 days, the monolayers were fixed with 10% formalin, stained with crystal violet and plaques counted.
RESULTS
Infectivity of dengue type 1 viruses -Five rhesus monkeys were inoculated with a single subcutaneous dose of 5.0 log 10 PFU/ml of DENV-1 virus 60305 and 6 monkeys with 16007 virus, being 3 with the Vero cellpassaged virus and 3 with virus propagated in C6/36 cells. Monkeys were bled from days 2 through 10 for 60305 virus and from day 2 post-inoculation (p.i.) until day 13 for 16007 viruses. Viremia was assayed by plaque titration on Vero cell monolayers and the results are shown in Table I . Only days in which any viremia could be detected are displayed.
The DENV-1 60305 virus induced viremia in 4 out of 5 rhesus monkeys with duration from 1 to 8 days (mean duration of 3 days/animal) and a mean titer of 1.2 ± 0.4 log 10 PFU/ml. However, the DENV-1 16007 viruses caused higher viremia with longer duration. The 16007 virus prepared in Vero cells showed a mean duration of 7 days/animal and was present in all 3 rhesus monkeys yielding a mean peak titer of 1.9 ± 0.6 log 10 PFU/ml. The 16007 virus prepared in C6/36 cells, showed somewhat reduced viremia as compared to its counterpart prepared in Vero cells as mean duration of viremia was 4 days/animal. Mean peak titer was not significantly different (1.9 ± 0.2 log 10 PFU/ml).
Infectivity of dengue type 2 viruses -Five rhesus monkeys were inoculated with DENV-2 44/2 virus and another 5 animals with 40247 virus. Monkeys were bled at day 0 and thereafter for 10 consecutive days. All 5 animals that received the DENV-2 44/2 showed viremia whereas four out of 5 animals that received the DENV-2 40247 did so (Table II) . For 44/2 virus the viremia was detectable from days 1 to 8 in 3 animals and days 1 through 6 in the remaining two with an average duration period of 6.6 days/animal. The 40247 virus could only be detected in the sera of monkeys between the 4th and 7th days after inoculation with an average duration period of 2.2 days/animal. The magnitude of viremia between the viruses was also different: 0.9 to 2.9 log 10 PFU/ ml for 44/2 (mean peak titer of 2.7 log 10 PFU/ml) and 1.2 to 3.6 log 10 PFU/ml for 40247 virus (mean peak titer of 3.2 log 10 PFU/ml).
Infectivity of dengue type 3 viruses -We have inoculated 5 rhesus monkeys with DENV-3 virus H87, 3 animals with Vero cell-passaged 16562 virus and another 3 with 74886 virus propagated in C6/36 cells. Monkeys were bled from days 2 through 10 for H87 virus and from day 2 pi until day 13 for 16562 and 74886 viruses. Viremia was assayed by plaque titration on Vero cell monolayers and the results are shown in Table III .
The DENV-3 H87 virus induced viremia in all 5 rhesus monkeys with duration from 3 to 6 days (mean duration of 4.4 days/animal) and a mean titer of approximately 2.0 log 10 PFU/ml. In contrast none of the other two DENV-3 viruses used induced any detectable viremia after plaque assay on Vero cells. We have analyzed vire- 1.4 1.9 2.2 2.9 2.8 2.5 1.8 0.9 8 mia for the 3 monkeys that received the DENV-3 74886 virus by real-time RT-PCR according to the methodology described by Poersch et al. (2005) . Monkey N44 showed 4 days of viremia whereas monkey O48 presented 1 day only and monkey M50 was not viremic by this assay either. The mean titer was 2.2 log 10 PFU/ml with a mean duration of 1.7 days/animal.
DISCUSSION
DV, with its four serotypes, have spread throughout the tropics and there is an increasing disease severity (DHF/DSS). Despite decades of research there are no vaccines licensed and disease control has relied on reducing mosquito vector density.
Preclinical testing of dengue vaccine candidates has been usually carried out initially in a mouse model and later in a nonhuman primate model. In both cases the neutralizing antibody response is the main end-point for immunogenicity. Protection against encephalitis or viremia reflects efficacy in the mouse and monkey models, respectively. In our efforts to develop a live attenuated dengue vaccine based on chimeric yellow fever 17D viruses (Caufour et al. 2001 , Mateu et al. 2007 ) and in the unavailability of wild type dengue viruses well characterized for viremia in rhesus monkeys, we have aimed at establishing a nonhuman primate model to test the protective capability of the recombinant viruses.
One basic aspect for selecting a virus for the challenge was its ability to plaque in Vero cells so that its viremia in monkey serum could be easily assayed. It can be argued that Vero cell plaque efficiency may differ among strains or serotypes and that the assays could have detected only a subpopulation not represented in the inoculum. In this regard the use of nucleic acid amplification procedures such as real-time PCR (Houng et al. 2001 , Poersch et al. 2005 has been established for the quantification of DEN viral RNA in biological samples. Although it is true that measuring RNA copies may better reflect ongoing viral replication and would, therefore, be more appropriate to assess protective efficacy, the plaque assay reflects fully functional viral particles and not RNA molecules alone. Moreover, real-time RT-PCR assays on RNA extracted from monkey serum have been shown to be sensitive to serum inhibitors and thereby may lead to lower estimates of infectivity (Al Soud et al. 2000) . Considering that the well-standardized plaque assay was applicable to all viruses (except for DENV-3 74886), it became the method of choice for viremia determination in sera of monkeys inoculated with the selected wild type DEN viruses. Additionally, we have used real-time RT-PCR to assay the viremia that resulted from inoculation of DENV-3 74886 into rhesus monkeys, despite its limitations in sensitivity when monkey serum is used.
The DENV-1 60305 is a Vero-cell adapted virus that consistently plaques in this cell line. It caused limited viremia in all 5 recipient animals. In contrast the 16007/ V virus, which also plaques well in Vero cells had a better infectivity profile for rhesus monkeys causing viremia almost 10-fold higher with much longer duration. Viremia and seroconversion in all recipient animals after inoculation of rhesus monkeys with DENV-1 16007 has been reported (Halstead et al. 1973a , Halstead & Marchette 2003 . Halstead et al. (1973a) observed that most rhesus monkeys receiving the 16007 virus had viremias for 5-6 days a result which is similar to ours. The reported range (0.6 to 4.2 log 10 PFU/ml) was different from what we observed (0.4-2.4 log 10 PFU/ml) what may be due to the cell system used for the plaque assay. DENV-1 16007/V was chosen as the challenge virus given its consistency in producing viremias similar in titer and duration in all rhesus monkeys. In fact, we have recently used this virus to challenge rhesus monkeys which were previously immunized with a chimeric YF 17D-DEN 1 virus (data not shown). It was also used by Butrapet et al. (2002) to show protection of rhesus monkeys after immunization with chimeric DEN 2 PDK53/DEN 1 virus.
The DEN 2 40247 virus yielded significant viremias in 80% of the animals (range 1.2-3.6 log 10 PFU/ml), which were rather short-lived. In contrast the DENV-2 44/2 caused viremia in all animals for longer periods although with a somewhat lower mean peak titer. Not withstanding, given the consistency of 44/2 virus in generating measurable and durable viremias we reasoned it would be the most appropriate virus to be used for challenging after immunization with any candidate vaccine.
The DENV-3 H87 strain was selected based on its ability to induce viremia in all animals with significant mean peak titer and duration as compared to the inability of the DENV-3 16562 and 74886 to produce significant viremia. The 16562 virus also failed to produce viremia in cynomolgus monkeys but did induce seroconversion (Angsubhakorn et al. 1994 ). An earlier study showed the DEN 3 16562 virus was capable of causing viremia in rhesus monkeys with onset between the 3rd and 6th days p.i. although with rather short duration (Halstead et al. 1973a) . With regard to the DENV-3 74886 virus, a Brazilian isolate, no previous data on its infectivity for rhesus monkeys was available but realtime RT-PCR showed that it did cause very limited viremia in 2 out of 3 animals. The viremia was also in the order of 2.0 log 10 PFU/ml but was shorter than that observed for DENV-3 H87 virus. As noted for DEN 3 16562 virus all monkeys inoculated with DENV-3 74886 seroconverted (data not shown). A comparison of viremia levels and duration for different sets of viruses used for challenging rhesus monkeys is shown in Table IV . The set of viruses we chose for challenge studies in rhesus macaques are similar to the other sets used by Guirakhoo et al. (2002 Guirakhoo et al. ( , 2004 and Eckels et al. (2003) as far as duration is concerned but in general they tend to produce lower viremias. However, we believe these titers are high enough and last time sufficient for a clear assessment of protective immunity as we have recently demonstrated after immunization of rhesus monkeys with chimeric 17D-DEN 2 viruses (Galler et al. 2005) .
It can be argued that too many passages in cultured cells might have brought about phenotypic alterations in the working seed viruses and these would not reflect their original pathogenic potential found in nature. However, no monkey model has been shown to reflect the severe forms of the disease except in a couple rhesus monkeys out of more than a hundred examined after secondary DENV infection (Halstead et al. 1973a,b) . There may also be an individual contribution to disease severity in addition to the viral genotype. Immunopathological events that may lead to severe outcome in humans (Green & Rothman 2006) do not seem to occur in monkeys despite their susceptibility to dengue viruses. Therefore, immunity elicited by any candidate vaccine should provide protection of monkeys against viremia by each of the selected viruses as a pre-requisite for clinical trials. D1-16007/V 1.9 ± 0.6 7 D2-44/2 2.7 ± 0.3 6.6 ± 1.5 This paper D3-H87 2.0 ± 0.5 4.4 ± 1.1 NA: not available.
